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The workshop on Hair Follicle Stem Cells brought
together investigators who have used a variety of ap-
proaches to try to understand the biology of follicular
epithelial stem cells, and the role that these cells play
in regulating the hair cycle. One of the main concepts
to emerge from this workshop is that follicular epithe-
lial stem cells are multipotent, capable of giving rise
not only to all the cell types of the hair, but also to the
epidermis and the sebaceous gland. Furthermore, such
multipotent stem cells may represent the ultimate
epidermal stem cell. Another example of epithelial
stem cell and transit amplifying cell plasticity, was the
demonstration that adult corneal epithelium, under
the in£uence of embryonic skin dermis could form an
epidermis as well as hair follicles. With regards to the
location of follicular epithelial stem cells, immunohis-
tochemical and ultrastructural data was presented, indi-
cating that cells with stem cell attributes were localized
to the prominent bulge region of developing human fe-
tal hair follicles. Finally, a new notion was put forth
concerning the roles that the bulge-located stem cells
and the hair germ cells played with respect to the hair
cycle. Key words: bulge/cell plasticity/epithelial stem cells/
multipotent. JID Symposium Proceedings 8:28 ^38, 2003
HAIR FOLLICLE STEM CELLS: AN OVERVIEW
D
uring the production of a hair, the follicle under-
goes dynamic changes from an actively growing
phase (anagen), to a remodeling phase (catagen),
and ¢nally to a quiescent phase (telogen), only to
start growing again. Two key elements that control
hair follicle cycling are the follicular epithelial stem cells and the
specialized mesenchymal cells that constitute the follicular papil-
la. This overview and the subsequent presentations of the work-
shop focus on the hair follicle stem cells.
Epithelial stem cells are considered to be slow cycling cells (or
perhaps more correctly, rarely cycling cells) that are endowed
with a superior proliferative capacity (Lavker & Sun, 2000). Such
cells are biochemically and morphologically primitive, and are
frequently multipotent (Schermer et al, 1986; Lavker et al, 1993;
Taylor et al, 2000; Oshima et al, 2001). The progeny of the stem
cells, upon exit from the stem cell niche, become transit amplify-
ing (TA) cells, which have a ¢nite proliferative potential and,
when such potential is exhausted, become postmitotic. Within
the TA cell population there exists a hierarchy, ranging from
young TA cells capable of many divisions, to more mature TA
cells that can divide only a few times (Loe¥er et al, 1987; Lehrer
et al, 1998). Due to a dearth of reliable markers for epithelial stem
cells, many investigators have used cell kinetics to distinguish the
slow-cycling stem cells from the more frequently cyclingTA cells
(Bickenbach, 1981; Cotsarelis et al, 1989; Cotsarelis et al, 1990;
Morris and Potten, 1999; Taylor et al, 2000). To detect the slow-
cycling cells, one can perfuse the tissue continuously with tri-
tiated thymidine (3H-T) or bromodeoxyuridine (BrdU) so that
all dividing cells, including the occasionally dividing stem cells,
can be labeled. During a chase period, which is typically between
4 and 8 weeks, the rapidly dividing TA cells lose most of their
labels due to dilution and only the slow-cycling stem cells still
retain their label; this way the stem cells can be detected experi-
mentally as the label-retaining cells (LRCs).
Application of this labeling technique to the hair follicle led to
the discovery in 1990 that the LRCs were mostly restricted to the
bulge region, a specialized portion of the outer root sheath
epithelium de¢ned as the insertion site of the arrector pili muscle
(Cotsarelis et al, 1990; Morris and Potten, 1999; Taylor et al, 2000).
The putative hair follicular epithelial stem cells of the bulge zone
exhibited several important stem cell attributes. First, cells from
the upper region of the follicle, including the bulge, displayed the
greatest in vitro growth capacity when compared with cells from
other regions of the follicle and the epidermis (Kobayashi et al,
1993; Yang et al, 1993). Second, the normally quiescent bulge cells
underwent a transient period of cell proliferation during early
anagen, or after stimulation (by, e.g., hair plucking, retinoic acid,
or phorbol ester), giving rise to rapidly cycling TA cells (Wilson
et al, 1994; Taylor et al, 2000). Third, the bulge cells were relatively
undi¡erentiated ultrastructurally (Cotsarelis et al, 1990; Akiyama
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et al, 1995). Fourth, topical application of a tumor initiator to
mouse back skin at the onset of anagen (when the follicular bulge
cells are undergoing transient proliferation) produced greater
numbers of tumors than application of the carcinogen in telogen
(when bulge cells are quiescent). Since stem cells are known to be
involved in skin tumor formation, the coincidence of greater tu-
mor susceptibility with the transient proliferation of the bulge
cells is consistent with the hypothesis that the bulge cells are
stem cells, and indicates that follicular stem cells can give rise to
experimentally induced skin cancers (Morris et al, 1986;
Miller et al, 1993; Morris et al, 1997; Morris et al, 2000). Taken
together, these data suggest that the bulge is the site of follicular
stem cells.
The realization that the follicular stem cells were located in the
bulge raised the interesting possibility that speci¢c interactions
between the bulge stem cells and the follicular papillary me-
senchymal cells during appropriate stages of the hair cycle may
play a key role in activating the bulge cell proliferation during
early anagen (the ‘‘bulge activation hypothesis’’; Cotsarelis et al,
1990; Sun et al, 1991). Speci¢cally, it was hypothesized that the
follicle enters into a new anagen when signals from the follicular
papilla transiently activate the quiescent stem cells in the bulge of
the telogen follicle to proliferate, resulting in the generation of
TA cells. These TA cells form a new epithelial downgrowth,
which in conjunction with the follicular papilla, forms the new
hair bulb. As the follicular papilla is pushed away from the bulge
zone by the epithelial downgrowth, the bulge stem cells return to
their normally slow-cycling state. After a period of sustained pro-
liferation, the rapidly dividing matrix TA cells exhaust their pro-
liferative capacity, and undergo terminal di¡erentiation. This
results in the degeneration of the lower two-thirds of the follicle
(catagen). During catagen, the follicular papilla migrates upward
and becomes positioned at the base of the telogen follicle. Such a
close apposition of the follicular papilla to the bulge is thought to
be essential for the proper initiation of another hair cycle.
The bulge stem cell concept has gained strong support, the
most recent coming from double-labeling studies, which allowed
one to follow the fate of the progeny of the bulge-located stem
cells (Taylor et al, 2000). This study provided direct evidence that
the progeny of the slow-cycling LRCs of mouse pelage follicle
give rise to many of the compartments of the lower follicle, in-
cluding the lower outer root sheath, matrix, and the medulla.
These ¢ndings clearly established that the bulge stem cells give
rise to a population of multipotent matrix cells, which in turn
elaborate all components of the hair ¢ber. Another study (also
presented in this workshop; see below) showed that the bulge re-
gion of vibrissae, when dissected from a b-galactosidase-expres-
sing mouse, and transplanted into the bulge region of a normal
vibrissae, can give rise to cells of the entire follicular epithelium
as well as the hair shaft (Oshima et al, 2001). Taken together, these
data strongly support the concept that the bulge stem cells can
give rise to many if not all cell types of the hair follicle.
The discovery of hair follicle epithelial stem cells also led us to
suggest the possible existence a pilosebaceous epithelial unit
(PSU), in which the progeny of the bulge stem cells not only give
rise to the hair shaft, but also the epidermis and the sebaceous
gland (Cotsarelis et al, 1990; Lavker et al, 1993). Double-labeling
studies enabled us to selectively tag the upper follicular epithelial
cells so that we could trace the upward migration patterns of the
bulge-derived progeny (Taylor et al, 2000). These studies demon-
strated that, with time, the bulge cell progeny located in the
upper follicle emigrated into the epidermis and continued to pro-
liferate, thus contributing to the long-term maintenance of the
epidermis. This migratory pattern was observed in both neonatal
skin and adult mouse skin following small (2 mm) full thickness
wounds. The upward migration of the bulge stem cell-derived
progeny cells into the epidermis, combined with the downward
migration of the stem cell progeny to form the hair shaft, sug-
gests that the bulge stem cells are at least bipotent (Taylor et al,
2000). Based on these observations, we have proposed that the
bulge is a major repository of skin keratinocyte stem cells, which
may thus be regarded as the ultimate epidermal stem cell (Lavker
and Sun, 2000; Taylor et al, 2000) (Fig 1).
Two other papers presented in this workshop lend support to
the PSU concept. In the aforementioned vibrissae transplantation
studies, the bulge-derived, b-galactosidase-expressing keratino-
cytes were shown to form the epidermis, as well as the sebaceous
glands, thus supporting the multipotent nature of the bulge stem
cells (Oshima et al, 2001). In another study, rabbit central corneal
epithelium (comprised of TA cells), when combined with em-
bryonic mouse dermis, changed from elaborating the more ad-
vanced K3/K12 corneal keratin to expressing the more primitive
K5/K14 keratins. The corneal epithelial cells then gave rise to hair
follicle buds, which matured into fully formed hair follicles, and
eventually the overlying corneal epitheliumwas transformed into
an epidermis, which expressed the K10 keratin (Ferraris et al,
2000). These ¢ndings indicate that given the appropriate signal(s),
the TA cells of central corneal epithelium can elaborate a variety
of di¡erent cell types thus proving that even the advanced TA
cells can retain signi¢cant developmental £exibility.
Figure1. A schematic diagram of an epidermopilosebaceous unit
(EPU) in hair-bearing skin. The unit consists of the epidermis and the
hair follicle with its associated sebaceous gland.The bulge contains a popu-
lation of putative keratinocyte stem cells that can give rise to (pathway 1) a
population of pluripotent and rapidly dividing progenitor (transit amplify-
ing or TA) cells in the follicular matrix that yields the hair shaft. Alterna-
tively, the bulge stem cells can give rise to the stem/progenitor cells of the
epidermis (pathway 2). It is hypothesized here that the epidermal stem cell
represents a form of bulge-derived, young TA cell (stem cell or SC/
TA1,2y?). The long, curved arrow denotes the demonstrated capability of
adult epidermal cells to form a new hair follicle in response to appropriate
mesenchymal stimuli (Ferraris et al, 1997; Reynolds et al, 1999). B, bulge; E,
epidermis; FP, follicular or dermal papilla; M, matrix keratinocytes; ORS,
outer root sheath; S, hair shaft; SC, stem cells; SG, sebaceous gland;TA,
transit amplifying cells. (Reproduced from Lavker and Sun, PNAS 97 :
13473, 2000, with permission.)
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In conclusion, available data strongly support the idea that fol-
licular epithelial stem cells reside in the bulge, and that such stem
cells can give rise to not only all the components of the hair shaft,
but also the epidermis and the sebaceous gland.What is needed is
a better understanding of the signals that cause the normally
quiescent follicular stem cells to divide and to give rise to young
multipotent TA cells; of the signals that direct the TA cells to be-
come a follicular matrix keratinocyte, a sebocyte, or an epidermal
keratinocyte; and of the degree of plasticity that exists within the
keratinocyte stem cell and transit amplifying cell compartments.
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MULTIPOTENT STEM CELL AND HAIR FOLLICLE
MORPHOGENESIS
Location of follicular stem cells The hair follicle is an
excellent system to investigate the fate of epithelial stem cells. It
is postulated that stem cells have an unlimited self-renewal
capacity, but that they don’t proliferate at a high rate under
normal conditions. Labeling experiments and clonal analysis
give complementary information on the location and behavior
of stem cells and their progeny, making them very reliable
methods to investigate stem cells. The rapid proliferation
observed in the lower portion of the anagen whisker follicles of
the rat resulted in the idea that within the matrix, the stem cells
give rise to their progeny, transient amplifying cells (Ibrahim and
Wright, 1982; Oshima et al, 2001). This implied that the cells
located in the lowest part of the hair bulb (the matrix
keratinocytes), were the stem cells (Reynolds and Jahoda, 1991;
Hardy, 1992). However several lines of evidence indicate that
stem cells actually reside in the upper part of the follicle.
Oliver’s seminal experiments demonstrate that a new hair bulb
can regenerate from the upper portion of a vibrissa follicle after
amputation of the follicle’s lower third (Oliver, 1966). In the
pelage follicle of the mouse, tritiated thymidine (3H-TdR)- or
bromodeoxyuridine (BrdU)-labeling experiments have revealed
that slow cycling cells (label-retaining cells, LRCs) reside in the
bulge located at the level of the insertion of the arrector pili
muscle (Cotsarelis et al, 1990; Taylor et al, 2000). The cells located
in this region proliferate infrequently in contrast to those located
in the hair matrix, which proliferate very actively (Lavker et al,
1991). Clonal analysis has demonstrated that 95% of the
keratinocyte colony forming cells (K-CFCs) of rat vibrissa
follicles are located in the bulge region, whereas the remaining
5% are located in the hair bulb (Kobayashi et al, 1993). These
previous studies indicated that bulge region is the site of
follicular stem cells and led us to question (1) Is there a £ux of
stem cells from the bulge region to the bulb? (2) Does the bulge
region serve as a reservoir of stem cells to sustain hair growth?
Migration of transplanted bulge cells To investigate the fate
of the bulge cells in the vibrissa follicle, we conducted
chimerical experiments using wild type and Rosa 26 transgenic
mice that constitutively express a LacZ reporter gene. LacZ
expression is maintained ubiquitously in tissues, and the b-
galactosidase (b-gal.) positive cells originated from Rosa 26 are
clearly identi¢ed by X-gal staining. We amputated the bulge
region of vibrissa follicles of wild-type adult mice and replaced
them with bulges obtained from Rosa 26 adult mice. Chimeric
follicles were then transplanted under the kidney capsule of
athymic mice, and harvested at regular intervals (Fig 2-A).
Initially, b-gal. expressing cells were observed solely in the
upper region of the follicles. During the ¢rst four weeks
Figure 2. Schematic representation of the LacZ chimeric experiments. (A) generation of a chimeric follicle. (B) implantation of a Rosa 26 bulge
region onto the back of a wild type embryo (modi¢ed from ¢gures in Oshima et al, 2001)
30 LAVKER ETAL JID SYMPOSIUM PROCEEDINGS
following transplantation, these cells were constantly observed
opposite and above the transplanted region, indicating that
bulge-derived cells ¢rst migrated laterally and upward into the
upper regions of the follicle. With time, b-gal. expressing cells
were also observed below the transplant, and, by eight weeks,
they were present in the hair bulb. During the ¢rst weeks
following transplantation, the migrating b-gal. expressing cells
were mostly in the basal layer of the outer root sheath (ORS)
and less frequently in the more di¡erentiated suprabasal layers
(e.g. the ORS companion cell layer). b-gal. positive cells were
identi¢ed solely in the ORS basal layer, after they reached the
suprabulbar region (see Figs 2, 3 in Oshima et al, 2001). These
results unambiguously demonstrate that the cells migrate in the
basal layer of the ORS from the upper region of the adult
vibrissa follicle to the hair bulb. The b-gal. positive cells were
often evenly distributed along the follicle length, suggesting
that there was a continuous £ux of migrating cells from the
bulge region to the hair bulb.
Generation of pilo-sebaceous units After six weeks, b-gal.
expressing cells were observed closer to the proximal end of the
follicle. Once the cells had reached the tip of the hair bulb, they
started moving inwards to form the matrix, and later the inner
root sheath (IRS) and the hair shaft (see Fig 3 in Oshima et al,
2001). This demonstrates that the transplanted cells contribute to
all the epithelial lineages involved in the formation of a hair
follicle (i.e., the ORS, the IRS, and the hair shaft). This indicates
that the bulge region contains multipotent cells whose migration
is required for proper whisker growth.
Transplanted Rosa 26 cells also migrated to the upper region
and to the opposite side of the follicle. b-gal.-positive lobular
glands whose ducts opened into the hair canal (i.e., sebaceous
glands) were observed. After the fourth week of transplantation,
sebaceous glands were constantly observed on either side of the
upper follicle but never in the lower part. These results
demonstrate that the transplanted bulge cells have the capacity
to generate the sebaceous gland lineage. Moreover, they indicate
that sebaceous gland morphogenesis requires signals present only
in the upper portion of the follicle. Collectively, these results
demonstrate that the bulge region contains multipotent stem
cells that can generate all the epithelial lineages of the vibrissae
follicle.
Generation of hairy skin Individual bulge regions were
obtained from adult Rosa 26 vibrissae follicles and implanted in
utero onto the back skin of E14.5-E16.5 mouse embryos. At birth,
the regions containing the implants were transferred onto the
back of adult athymic mice (Fig 2-B). Within days, b-gal.
expressing cells were widely distributed in the epidermis and
formed a hair germ (see Fig 4 in Oshima et al, 2001). After
several weeks, mature follicles and associated sebaceous glands
were formed. Multiple b-gal. expressing hair follicles were
observed, and a hair shaft of signi¢cant length was present in
most of the b-gal. expressing follicles. These results indicate that
the transplanted bulge cells were functional in pelage follicles. In
contrast, the cells of the follicular papilla were b-gal. negative,
indicating that the papilla originated from the recipient. These
results demonstrate that the bulge region of an adult vibrissa
follicle contains multipotent stem cells with the capacity to
respond to morphogenetic signals of hairy skin and to generate
all the epithelial structures of the hairy skin.
Multipotent stem cells and hairy skin morphogenesis Vibrissa
follicles are excellent models to study the cellular and molecular
factors involved in stem cell behavior during morphogenesis and
renewal of a complex epithelial structure. Hair follicles, sebaceous
glands and the epidermis can be generated from adult bulge
regions implanted in embryos demonstrating that multipotent
stem cells reside in the bulge.
In vibrissa follicles, the undi¡erentiated progeny of the
multipotent stem cells migrate to de¢ned places where they
generate the committed progenitors, i.e., above the bulge region
for sebaceous progenitors and in the hair bulb for matrix
progenitors. Thus, the bulge region of the follicle serves as a
reservoir of multipotent stem cells (Fig 3). This location maintains
the stem cells and allows them to receive the signals that instruct
their progeny to di¡erentiate into various lineages. Collectively the
population of K-CFCs identi¢ed in the bulge region, the
population of LRCs and the population of the multipotent stem
cells that we described here, are most likely related.
Stem cells and/or their progeny migrate in the basal layer of
the ORS over the entire length of a mature follicle. The reason
why the cells need to migrate over is most likely related to
whisker growth. In pelage follicles, the proliferation of stem
cells located in the bulge, is thought to reconstitute the pool of
matrix cells at the end of telogen. The in£uence of the follicular
papilla, which then physically approach the stem cells, appears
determinant. This mechanism is known as the bulge activation
hypothesis (Cotsarelis et al, 1990; Sun et al, 1991; Lavker et al,
1993). However in vibrissa follicles, the follicular papilla cells
never make contact with the cells located in the bulge region,
even though vibrissa follicles do shorten slightly during catagen.
Consequently, stem cells or their progeny must migrate the
length of the follicle to receive the necessary signals from the
follicular papilla.
Figure 3. Stem cell fate in a vibrissal follicle. The multipotent stem
cells are located in the upper-region of the vibrissal follicle. They (or their
committed progenitors) migrate to the hair bulb to generate the hair line-
age or to the upper part of the follicle to generate sebaceous glands and
epidermis (modi¢ed from ¢gures in Oshima et al, 2001).
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HAIR FOLLICLE STEM CELLS IN HUMAN SKIN
DEVELOPMENT
More than 10 years has passed since hair follicle stem cells were
reported to lie in the bulge region of hair follicles in rodents
(Cotsarelis et al, 1990). More recently, evidence has been presented
that the hair follicle bulge is also thought to contain stem cells for
the human interfollicular epithelium (Lavker et al, 1993; Taylor
et al, 2000; Oshima et al, 2001). In the developing hair follicles of
human fetuses, the bulge, an important ‘‘niche’’ for stem cells, is a
prominent protrusion consisting of undi¡erentiated cells. However,
in the adult human hair follicle, the bulge is not very prominent,
often appearing as just a subtle swelling. In this presentation, cells
within the bulge zone of human fetal hair follicles are character-
ized, and discussed in the context of epithelial stem cells.
Localization of hair follicle stem cells during human fetal
hair follicle development The sequential localization of
putative hair follicle stem cells was based on the expression
patterns of several putative marker molecules for the epidermal
stem cells. High levels of a2b1 and a3b1 integrin expression and
weak staining for E-cadherin, b-catenin and a-catenin are
thought to be markers for human epidermal stem cells (Mole' s
and Watt, 1997; Watt, 1998); we utilized these markers to
characterize regions enriched in putative stem cells during
human fetal hair follicle development (Akiyama et al, 2000). At
65^84 days estimated gestational age (EGA), b1 integrin-rich,
E-cadherin- and a- and b-catenin-poor cells (possible stem cells)
were localized to the entire hair germ. By 85^104 days EGA, the
b1 integrin-rich, E-cadherin- and a- and b-catenin-poor cells
were localized to the outermost cells of the hair peg. In the later
stages of development (bulbous hair peg ^105^135 days EGA and
di¡erentiated lanugo hair follicle ^4135 days EGA), these
putative follicular stem cells were identi¢ed in the bulge and the
outermost layer of the outer root sheath. These observations
indicate that cells in the bulge are unique in that they are
uniformly b1 integrin-rich, E-cadherin- and a- and b-catenin-
poor. The ¢nding of a population of putative hair follicle stem
cells provides important clues to understanding the process of
human hair follicle morphogenesis. In addition, the regulation
of growth and di¡erentiation via the integrin, cadherin and
catenin families is thought to be important in hair follicle
morphogenesis. The present results suggest that cell adhesion
molecules including integrins, cadherins and catenins may be
key regulators of the growth of follicular epithelial stem cells
during human fetal follicle development.
Morphology of stem cells in developing human fetal hair
follicles Morphological characteristics of the b1 integrin-rich,
E-cadherin- and a- and b-catenin-poor cells within the bulge
cell, were investigated in the developing human hair follicles.
These putative stem cells in each stage of hair follicle
development showed similar, undi¡erentiated morphologic
features (Akiyama et al, 2000). The bulge cells contained
abundant free ribosomes and glycogen particles, but almost no
cytoplasmic organelles, ultrastructural features indicative of a
relatively undi¡erentiated state (Akiyama et al, 1995) (Fig 4).
Mitochondria were rarely observed in the bulge cells. Only
small bundles of intermediate ¢laments were seen in the
peripheral cytoplasm of the bulge cells, whereas larger bundles
of keratin ¢laments typical of more di¡erentiated keratinocytes
were not observed. The morphological features of human fetal
bulge cells are consistent with those of the adult mouse
follicular bulge cells (Cotsarelis et al, 1990), and supports the idea
that relatively undi¡erentiated cells (a feature of stem cells) are
localized to the human fetal hair follicle bulge.
Hair follicle stem cells and growth factors, keratins and
basement membrane zone components in human skin
development The expression patterns of keratins, growth
factor receptors, and cell adhesion molecules were investigated
in developing hair follicles, with emphasis on the bulge
region.
In the bulbous hair peg stage, the putative stem cells within the
bulge region were high in epidermal growth factor (EGF)
receptor expression (Akiyama et al, 1996; Akiyama et al, 2000).
The bulge cells also expressed platelet-derived growth factor
(PDGF) A chain and PDGF B chain, and the follicular sheath
expressed both PDGF a and b receptors (Akiyama et al, 1996).
The low-a⁄nity nerve growth factor (NGF) receptor (p75) was
expressed in the lower portion of the bulge and in mesenchymal
cells around the hair follicle (Akiyama et al, 1996). These ¢ndings
suggested that EGF and NGF may be involved in regulation of
the bulge cells and that PDGFs may play a role in the
interaction between the bulge and associated mesenchymal tissue
at the bulbous hair peg stage.
The bulge cells at the bulbous hair peg stage express keratins 5
and 14 (basal cell keratins) and keratin 19, the simple epithelial
keratin (Akiyama et al, 1995). The expression of basement
membrane zone components including the hemidesmosomal
molecules showed continuous bright staining along the dermal-
epidermal junction of the hair germ and the hair peg, although
the staining was weak or negative in the lower portion of the
hair peg.1 In the bulbous hair peg and the di¡erentiated lanugo
hair follicle, the basement membrane zone components were ex-
pressed from the interfollicular epidermis to the bulge, and also
in the region between the matrix cells and the dermal papilla cells
(Akiyama et al, 1995). These ¢ndings suggest that basement
membrane zone components are continuously expressed in the
stem cell sites during hair follicle morphogenesis.
The nature and behavior of the hair follicle stem cells in
developing human skin has not yet been fully understood.
Knowledge of the localization and features of hair follicle stem
cells in developing human hair follicles will contribute to a
better understanding of the mechanisms underlying human hair
follicle morphogenesis.
CORNEAL EPITHELIAL BASAL CELLS CAN ACTIVATE
EPIDERMAL GENETIC PROGRAMS BY REVERTING
FIRST TO HAIR STEM CELLS
During the last 10 years, the question has arisen as to whether
adult epithelial stem cell populations of the interfollicular skin,
Figure 4. Bulge cells of bulbous hair peg show undi¡erentiated ul-
trastructure. Electron microscopy reveals that bulge cells in the human
fetal hair follicle (125 days EGA) lack cytoplasmic organelles indicative of
di¡erentiation, but have abundant glycogen particles and free ribosomes in
the cytoplasm. The bulge cells show only a relatively small amount of ker-
atin intermediate ¢lament bundles. Bars, 1 mm.
1Akiyama M, Matsuo I, Shimizu H: Remodeling of desmosome (DS)
and hemidesmosome (HD) during human hair follicle development.
J Invest Dermatol 117: 429 2001 (abstr.)
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hair follicle, and corneal epithelium are committed to the pro-
duction of only one cell lineage, i.e., whether epidermal interfol-
licular stem cells give rise only to the epidermis, hair stem cells to
hair follicle, and corneal stem cells to corneal epithelium (Miller
et al, 1993). Alternatively, as suggested by several recent works on
various organs (for a review, see Fuchs and Segre, 2000), adult
stem cells may be pluripotent and consequently have equivalent
potentialities. In the second hypothesis, epithelial stem cells may
still possess embryonic features and therefore their microenviron-
ment (e.g., the ¢broblasts with which they are associated), may
play a crucial role in their di¡erentiation. It is well known that
the adult rat dermal papilla is able to induce hair follicle forma-
tion when associated with adult epidermis from di¡erent sources
(i.e., the plantar region (Reynolds and Jahoda, 1992) or the fore-
skin (Ferraris et al, 1997)). Since the basal population contains both
stem and transient amplifying (TA) type cells dispersed through-
out the epidermis (among others: Jensen et al, 1999), the question
arises as to which epithelial cells of the adult epidermis can re-
spond to new dermal in£uences. The adult corneal epithelium is
an ideal system to answer this question because the stem cells of
corneal epithelium are located in the limbal epithelium, whereas
the TA cells reside in the corneal epithelium. Identi¢cation of the
limbal epithelium as the preferential site of corneal epithelial
stem cells was based on the observations that limbal basal cells
did not express the K3 keratin (a marker of advanced corneal
epithelial di¡erentiation), and that slow cycling cells were
exclusively located in the basal layer of the limbal epithelium
(Schermer et al, 1986; Cotsarelis et al, 1989). More recent data
obtained in mouse showed that a hierarchy of TA cells are dis-
tributed from the periphery to the centrum of the corneal
epithelium, which contains primarily late or mature TA cells
(Lehrer et al, 1998).
Pluristrati¢ed epithelia of cornea and skin display distinct pro-
grams of di¡erentiation: corneal keratinocytes express the keratin
pair K3/K12, epidermal keratinocytes the keratin pair K1-2/K10
(Sun et al, 1983). Moreover, the epidermis forms cutaneous appen-
dages, which express their own set of keratins. Thus, the results of
recombinants between a hair-inducing dermis and an adult cen-
tral corneal epithelium may provide insights into the questions of
equivalence between epithelial stem cells of ectodermal origin,
and of the plasticity within a cell lineage. Indeed, the concept of
stem cells does not exclude the possibility that there exists a hier-
archy of TA cells that under a given condition may revert back to
a stem cell phenotype.
The capacity of the epithelial component of adult mammalian
central cornea, to follow an alternative di¡erentiation pathway
was investigated by associating the corneal epithelium with an
embryonic dermis from a hair-forming region (Ferraris et al,
2000). In addition to having a characteristic keratin expression,
the cornea has two other advantages as a source of adult epithe-
lium for recombination-type experiments: (1) it is easy to manip-
ulate; and (2) it has no appendages. In order to identify
unequivocally the origin of the di¡erentiated structures, bispeci-
¢c epithelial-mesenchymal recombinants were performed, invol-
ving rabbit adult central corneal epithelium and embryonic
dorsal or upper-lip mouse dermis. Rabbit nuclei, which display
homogeneous chromatin, are easy to distinguish from mouse nu-
clei which have bright spots of condensed chromatin when
Hoechst stained (Cunha and Vanderslice, 1984). The results show
that adult central corneal cells are able to respond to speci¢c in-
formation originating from embryonic hair-forming dermis.
They give rise ¢rst to a new basal layer, which no longer ex-
presses the corneal-type keratins, then to pilosebaceous units,
and ¢nally to upper layers expressing epidermal-type keratins
(Fig 5).We thus provide the ¢rst evidence that a distinct TA cell
population can be reprogrammed (Ferraris et al, 2000).
Figure 5. Formation of hair follicles and of an epidermis after
grafting recombinants of adult rabbit central corneal epithelium
and 14.5-day embryonic mouse dorsal dermis under the kidney
capsule of athymic mice. (A) Time zero, The corneal epithelium (e)
comprises 6^7 cell layers. Fluorescent labeling showing that all the corneal
layers, including the basal layer, synthesize the K12 corneal-type keratin.
The rabbit corneal epithelium (e) nuclei are uniformly stained, whereas
the mouse dermal (d) nuclei exhibit bright £uorescent intranuclear bodies.
The basal layer (bl) of the epithelium is composed entirely of rabbit cells.
(B) After 12 days, the pluristrati¢ed epithelium (e) comprises numerous
strata characterized by the presence of corneal-type keratin K12 (red). Note
that the basal layer (bl), as well as the forming hair follicles (h) are not la-
beled. A few cells localized at the point of attachment between hair follicles
and epithelium already synthesize the epidermal-type keratin, K10 (green).
(C) After 21 days, the cells expressing keratin K12 are shedding, while con-
tinuous layers of keratin K10 synthesizing cells have formed.
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Our interspeci¢c recombination experiments showed clearly
that signals from embryonic mouse dermis can be recognized by
^ and elicit transformation of adult rabbit corneal epithelium to ^
epidermis, hair follicles, and glands. In addition, and perhaps
more importantly, the detailed chain of events provided greater
insight into questions relating to stem cell lineages and cell repro-
gramming. Most researchers working on epithelial stem cells
follow the conventional model of stem cell activity, in which
there is a progressive and irreversible transition from stem cells
to transient amplifying cells to a postmitotic di¡erentiated
phenotype. The rabbit corneal epithelial cells used for our recom-
binations were a transient amplifying population: the observation
that K12 was expressed throughout the epithelium at the time of
grafting (Fig 5A) was con¢rmatory evidence that the corneal
epithelium we used was centrally derived and contained no stem
cells.Within a few days after being recombined with trichogenic
dermis, the corneal epithelium formed a less-di¡erentiated basal
layer, taking on a phenotype equivalent to the limbal epithelium,
or the basal layer of the epidermis, both of which harbor epithe-
lial stem cells. Thus it appears that the ¢rst stage of the transfor-
mation process may be the restoration of a more primitive or
stem cell-like phenotype from amongst a TA cell population in a
somewhat more advanced stage of di¡erentiation. Our results ap-
pear to re£ect the ideas of Loe¥er and Potten (1997), and may be
supportive evidence for their spiral model of stem cell and TA
behavior. As part of this model,TA cells, which have left the stem
cell niche, are not irreversibly committed to a terminal di¡eren-
tiation pathway, but are able to revert to being stem cells in the
event of the removal or destruction of stem cells. The observation
that, after a few days, the corneal epithelial basal cells were both
participating in hair follicle morphogenesis and generating supra-
basal K12 expressing cells (Fig 5B), illustrates clearly that prolif-
eration and di¡erentiation are not mutually exclusive. In our
experiments it must be assumed that hair follicle stem cells were
also established during the process of follicle morphogenesis. In a
recent paper, it was suggested that stem cell were localized
throughout the epithelium of developing hair follicles in the em-
bryo (Akiyama et al, 2000). This implies that all hair bud epithe-
lial cells are potential stem cells, and that subsequently the stem
cell niche becomes progressively limited to the upper part of the
outer root sheath. The developing follicles induced in the adult
corneal epithelium can be considered similar to embryonic folli-
cles, which contain large numbers of stem cells. In relation to
this, we show that the ¢rst signs of epidermal di¡erentiation
(K10 expression) always appeared at the top of the developing
hair follicles (Fig 5B). At 21 days the K12 (corneal speci¢c) kera-
tin is present in the higher and shedding layers of the epithelium
(Fig 5C), while the lower epithelium expresses the epidermal
speci¢c K10 keratin.
In conclusion, adult central corneal TA epithelial cells retain
the ability to transform into an epidermis and to produce hair
follicles with associated sebaceous glands when recombined with
embryonic mouse hair-forming dermis. Moreover, the formation
of the new epidermis originates from the induced hair follicles,
which con¢rms the hair follicle as the main repository of epider-
mal stem cells (Rochat et al, 1994; Taylor et al, 2000). Our results
provide: (i) a clear indication that a distinct TA corneal epithelial
cell population can be reprogrammed; (ii) that this population
does so by ¢rst reverting to a hair stem-like condition (Fig 6).
Our ¢ndings also imply that integumental stem cells have
equivalent potentialities.
THE HYPOTHESIS OF HAIR FOLLICLE
PREDETERMINATION
The structural complexity of the hair follicle (HF), its potential
immortality, and rapid growth rate, together with ability to re-
turn periodically to its incipient state, make the HF a unique
structure among other mammalian organs. Despite insights into
molecular aspects of HF biology, mechanisms governing the HF
cycle remain unclear. Several pioneering studies have attempted
to de¢ne the cellular dynamics of the HF cycle. However, most
have focused on limited aspects of HF biology, discrete HF struc-
tures or specialized types of HFs, and thus do not provide a uni-
¢ed model of HF function. In 1990, the bulge activation
hypothesis was published (Cotsarelis et al, 1990) ^ the ¢rst and
the most widely accepted model of the cellular kinetics in the HF.
Here, we present a hypothesis of hair follicle predetermination,
which includes two critical re¢nements of preexisting models:
the dual origin of the cycling portion of the HF and the recruit-
ment of HF stem cells during the previous hair cycle that prede-
termines the potential of hair germ cells to produce HF of the
next generation. The hypothesis of HF predetermination is based
on several conclusions made from an extensive analysis of the lit-
erature and our own experimental data.
I. There are two cell populations with proliferation potential
in the telogen HF: the secondary hair germ and the cells of
the bulge region Previous reports have clearly indicated the
high proliferative potential of the bulge cells and their direct
contribution to HF regrowth (Lane et al, 1991; Taylor et al, 2000).
The telogen HF also contains a population of cells at its base,
called the ‘‘hair germ’’ (Dry, 1926), situated in close apposition to
the follicular papilla (FP) (Fig 7A). Kinetic studies on early
anagen HFs reveal a high proliferative activity in both the hair
germ and in the bulge region (Silver et al, 1969; Tezuka et al, 1991;
Wilson et al, 1994). Furthermore, no migration of highly
persistent label-retaining cells (LRC) from the bulge into the
hair germ during the initial anagen stages has been observed
(Morris and Potten, 1999). Thus hair germ and bulge cell
populations possess an intrinsic ability to proliferate and are
both directly involved in early anagen.
II. The hair germ cells, but not the stem cells in the bulge
region, may play the primary role in anagen induction Studies
Figure 6. Interpretative schema. Corneal epithelium TA cells ¢rst
revert to hair-stem cells, before giving rise to hair follicles, and
subsequently epidermal cells.
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of proliferative activity in early anagen HFs revealed that in anagen I,
hair germ cells are actively proliferating, whereas mitotic activity in
the bulge region appears no earlier than anagen II and reaches
signi¢cant levels only in anagen III (Silver et al, 1969; Tezuka et al,
1991; Morris and Potten, 1999).
The hair germ is ideally situated to participate in the direct FP-
epithelial crosstalk (Fig 7A) that is believed to play a pivotal role in
anagen induction (Cotsarelis et al, 1990; Sun et al, 1991; Paus
et al, 1999), while the bulge region is somewhat distant from the FP
in telogen HFs. Furthermore, in anagen I, both the hair germ and the
FP exhibit prominent up-regulation of bamacan, a putative organizer
of mesenchymal^epithelial interaction (Couchman and du Cros,
1995), thus further suggesting the hair germ as an immediate target
of FP inductive signaling and as one source of initial anagen
transformations (Fig 7A,B).
III. Hair germ cells and cells of the bulge region contribute
to di¡erent layers of the anagen HF Despite a belief that all
layers of the HF are products of the hair matrix germinative cells
(e.g., Orwin, 1989), recent studies using a hair reconstitution assay
demonstrated that regeneration of IRS/hair shaft and ORS
involves di¡erent progenitor cells (Kamimura et al, 1997). The
same results were obtained using in vivo transduction of mouse
skin with b-gal-encoding retroviral vectors (Ghazizadeh and
Taichman, 2001). These data, together with the presence of two
proliferative units in the early anagen HF (Tezuka et al, 1991;
Commo et al, 2000), suggest that cells in the hair germ and in
the bulge region may contribute to the development of di¡erent
HF compartments. Speci¢cally, FP-associated hair germ cells may
give rise to the ascending HF portion (IRS and hair shaft) while
bulge cells may produce the ORS (Fig 7).
Evidence in support of such a model are as follows: (1)
expression patterns of the presumptive stem cell markers in the
bulge area and in the ORS are identical, whereas the matrix has
a di¡erent expression pro¢le (Lane et al, 1991; Akiyama et al, 1996;
Commo et al, 2000); (2) bulge-derived tumors in human skin do
not produce hair shaft- or IRS-like structures (Lever and
Schaumburg-Lever, 1990), but instead keratinize along a
trichilemmal pathway speci¢c for the ORS (Pinkus, 1969); (4)
the cultured lower hair bulb microdissected from rat vibrissa is
able to reconstitute all ascending HF layers, but not the ORS
(Jahoda CAB; unpublished); (5) in hairless mouse skin, where
the bulge cells are physically separated from FP, the ORS-like
bulge outgrowths do not form any structures resembling IRS
or hair shaft, while FP-associated epithelial cells produce HFs
lacking the ORS (Panteleyev et al, 1999b).
Recently, it was proposed that presumptive stem cells located
in the bulge region undergo two distinct pathways of migration/
specialization: ‘‘the bulge-epidermal’’ (upward) and ‘‘the bulge-
hair’’ (downward) (Taylor et al, 2000). We prefer to desig-
nate these pathways as ‘‘bulge-epidermal’’ and ‘‘bulge-ORS’’, thus
emphasizing their similarity and regulation by parallel
mechanisms along with their di¡erence to the ‘‘hair’’ type of cell
specialization.
IV. In late anagen, the bulge-derived clonogenic cells
migrate to the lower ORS and form a speci¢c compact
structure on the periphery of the hair bulb During mature
anagen, a movement of undi¡erentiated ORS cells in the
downward direction has been reported (Reynolds and Jahoda,
1991). This ¢nding is in line with the recently shown capability
of the bulge cells to have an active and prolonged migration
through the ORS of anagen HFs (Oshima et al, 2001).
Recent studies have revealed a region of asymmetrical
(unilateral) expression of a number of genes in the hair bulb of
mouse HFs, suggesting the presence of a speci¢c cell population
that di¡ers from the matrix cells and seems to be contiguous
with the lowermost extension of the ORS (Paus et al, 1997; Gat
et al, 1998; Gambardella et al, 2000; McGowan and Coulombe,
2000; Muller-Rover et al, 2000; Panteleyev et al, 2000b). We
hypothesize that this structure ^ ‘‘the lateral disc’’ ^ may
represent the ¢nal destination of bulge-derived cells with high
clonogenic potential migrating downward, where they gradually
concentrate during anagen (Fig 8A).
Currently, there is no evidence indicating the existence of the
lateral disc in human HFs. However, the substantial thickness of
the lower ORS (at the level of upper hair bulb) in human HF
might be su⁄cient to harbor a distinct cell population. Perhaps the
K19-positive (a putative marker of clonogenic cells) population of
inactive cells in the lower ORS in human anagen HFs (Commo
et al, 2000) represents the human analog of the lateral disc.
V. During catagen, lateral disc cells survive apoptosis and
transform into the hair germ under the in£uence of FP It
is generally believed that all epithelial cells of the lower hair bulb
are eliminated during catagen by means of apoptosis (Seiberg
et al, 1995). Nevertheless, electron microscope studies show that
in early catagen both FP-associated keratinocytes and FP
¢broblasts reinforce their connection to the basal lamina.
The keratinocytes accomplish this by formation of numerous
additional hemidesmosomes, and FP ¢broblasts by a deposition
of extensive intercellular ¢lamentous network (Sugiyama et al,
1976). This change in papilla-epithelial junction might re£ect
that some FP-associated keratinocytes are apoptosis resistant.
Our studies of hairless gene expression revealed the presence of
a small population of h mRNA-positive keratinocytes associated
Figure 7. Proposed cellular kinetics in the early anagen hf. (A) the activation of hair germ cells by a fp-derived signal (yellow arrow). (B) in anagen ii,
the activity of the hair germ (yellow arrow) induces proliferation of the bulge cells (black arrows). (C) in anagen iiia, the downward growth of bulge-derived
cells (black arrows) results in the formation of the ors. (D) in anagen iiib, the upward proliferation of hair germ cells (white arrows) results in formation of the
ascending compartment of the anagen hf (hair shaft and irs).
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with FP in early catagen HFs. These cells persist over catagen and
concentrate at the bottom of the telogen HF (Panteleyev et al,
2000a). Thus, we propose that some hair bulb cells survive
catagen-associated apoptosis and contribute to the formation of
the hair germ.
What is the origin of these FP-associated keratinocytes? We
believe that in the mouse follicles, these cells represent
apoptosis-resistant bulge-derived cells of the lateral disc
(Panteleyev et al, 1999a). In the human HF, these apoptosis-
resistant cells may originate from the lowermost ORS that
comes into direct contact with the FP during the destruction of
the hair bulb in early catagen (Fig 8A^C).
Assuming the conventional model of stem cell activity, in
which there is an irreversible transition from stem cells to
transient amplifying (TA) cells to di¡erentiated cells (Lajtha,
1979), it is di⁄cult to envision that lateral disc cells retain their
undi¡erentiated features and high proliferative potential. So,
how do lateral disc cells reacquire (or retain) their ‘‘stem cell-
like’’ features and transform into a hair germ with the potential
to form a new hair? Recently, it was shown that a distinct TA
cell population of rabbit corneal epithelium can reacquire some
stem cell characteristics under the in£uence of adjacent
mesenchyme (Ferraris et al, 2000). A similar mechanism may
occur in FP^ epithelial interactions and we believe that the
formation of intimate contacts between the FP and the lateral
disc cells (lower ORS in human HF) in catagen is a
determining event in their ¢nal transformation into the hair
germ.
VI. By telogen, the hair germ cells become selectively
receptive to FP signaling and committed to producing
ascending HF layers The proliferative activity of the HF
bulge cells can be induced by many nonspeci¢c factors (Holecek
and Ackerman, 1993) and, in culture, these cells have an extensive
proliferative capacity (Yang et al, 1993). The proliferative activity
of the hair matrix cells (which we believe originate from hair
germ cell precursors), by contrast, is strictly dependent on the
associated mesenchyme, and these cells cannot proliferate in
culture in the absence of FP ¢broblasts (Reynolds and Jahoda,
1993).
Given the key role of mesenchymal cells in the determination
of cell fates (Ferraris et al, 2000), we propose that the intimate
contact between lateral disc/hair germ cells with FP ¢broblasts
during catagen-telogen phases (Fig 8B^D) speci¢cally prime
these cells with high receptivity to FP-derived morphogenetic
signals. Thus, the receptivity of the hair germ cells to FP
signaling and their commitment to produce the ascending layers
of the HF may be predetermined by a priming phase of the hair
germ precursors during the previous hair cycle.
Conclusion In the hypothesis of HF predetermination, we
have sought to provide a uni¢ed view of the process of stem cell
recruitment during HF cycling. The data and ideas put forth here
suggest that HF stem cell recruitment is a complex, relatively
protracted, multistage process that requires speci¢c interactions
with microenvironment.
Despite the lines of evidence in favor of our hypothesis, it
remains speculative and raises as many questions as it answers.
Nevertheless, our intention is not to present a ¢nal and
indisputable model of HF cycle progression but rather to take a
fresh look at some of the most critical but poorly understood
aspects of HF biology. We hope that our hypothesis inspires
future studies of the cellular dynamics that underlie HF
progression through the periods of growth, regression and
quiescence.
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Figure 8. Proposed scheme of the lateral disc transformation into the hair germ. (A) During anagen, bulge-derived cells with clonogenic potential
migrate downward (blue arrow) and form the lateral disc that resides inactively on the periphery of the hair bulb. Hair matrix cells (red) are actively prolif-
erating. (B) In early catagen, owing to the diminution of the hair matrix, the lateral disc cells come into direct contact with FP. (C) In late catagen, lateral
disc cells travel upward along with the FP and gradually transform into the hair germ (change of blue color into red). (D) In the telogen, hair germ and bulge
cells reside as two separate and functionally discrete structures. Owing to FP-dependent ‘‘priming’’during previous catagen, hair germ cells acquire selective
sensitivity to FP-derived signaling and the commitment to produce ascending layers of HF of new generation. 1These experiments were performed 14
months after completion of labeling and the behavior of ‘‘younger’’ LRC (e.g., 8^10 weeks after labeling) has not been reported.
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